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the primary clock tissue, the SCN. In the present study, mPer1 and mPer2 mRNA levels were assessed in adjacent sections from a subset of the animals used to we examined clock protein interactions and photic responses in the mouse SCN. Immunocytochemistry and generate the protein rhythms, allowing direct comparison of mRNA and protein cycles (Figure 1b) . The mRNA Western blots demonstrate circadian expression of clock proteins mPER2 and mPER3, complementing our cycles for the two genes in the SCN were similar, although there was a tendency for the rise in mPer2 RNA previous reports on mPER1 and mCRY1 and mCRY2 (Hastings et al., 1999; Kume et al., 1999 ). An array of to be delayed by 2-4 hr relative to mPer1, consistent with previous reports (Zylka et al., 1998a). Both mRNAs mPER/mPER, mPER/mCRY, and mCRY/mTIM interactions were detected in vivo. Unlike the well-described reached peak levels between CT 6 and CT 10 and started to fall as soon as the expression of the mPER proteins PER/TIM interactions in Drosophila, there was no evidence of mPER/mTIM interactions in the SCN. Examinaapproached their circadian peak. Only when protein levels were at their nocturnal nadir did mRNA expression tion of the effects of weak and strong resetting light pulses on SCN clock proteins implicates a central role start to increase. As a result, the protein cycles were delayed by about 6 hr relative to the mRNA cycles under for mPER1 in photic entrainment. In striking contrast to the situation in the fly, there were no acute effects of both entrained and free-running conditions. The temporal relationship of the mRNA and protein rhythms is light on either the mCRY or mTIM proteins in the SCN. Thus, clock protein interactions and photic responses consistent, therefore, with the proposed role of mPER proteins in negative feedback within the circadian clock in mice have diverged substantially from those described in Drosophila.
loop ( CT 10 and CT 13, i.e., the end of subjective day, and revealed strong, specific expression of mPER2-ir nuclei low levels between CT 22 and CT 01, at the end of throughout the SCN (Figure 1a ) that was blocked by subjective night. There was no clear evidence of systemantigen (data not shown). The nuclear localization of atic changes in gel mobility, which might have indicated mPER2-ir was confirmed by confocal microscopy comchanges in phosphorylation that are a characteristic feaparing mPER2-ir immunofluorescence with nuclear stainture of dPER (Edery et al., 1994). The anti-mPER2 sera ing defined by Hoechst 33528 dye (data not shown). The distribution of mPER2-ir nuclei in the SCN was the same identified a band at ‫031ف‬ kDa, again consistent with the predicted mass of 136 kDa from the primary sequence as that observed for mPER1-ir on adjacent sections, suggestive of a high degree of colocalization. Consistent (Shearman et al., 1997) . The intensity of the mPER2-ir band exhibited a temporal pattern comparable to that with mPer2 mRNA distribution, strong mPER2-ir was also observed in piriform cortex and hippocampus, with seen for mPER1 probed on the same SCN samples (Figure 2b) , with peak expression at CT 10-CT 13 and a weaker staining in neocortex and striatum (data not shown). nadir in late subjective night. These results confirm the synchronous nature of mPER1 and mPER2 cycles in the Coordinated rhythms of nuclear mPER1-and mPER2-ir were observed in the mouse SCN (Figure 1b) . For both SCN. The same SCN samples were probed further for mPER1 and mPER2, the rhythms in immunostaining apparent in a light-dark cycle persisted in continuous dim mPER3. As anticipated on the basis of the primary sequence (predicted mass of 120 kDa; Zylka et al., 1998a), red light, confirming their circadian nature. Levels of each protein reached their peak at the time of the actual the mPER3-ir band had a slightly lower mass than mPER1 and mPER2, but it too exhibited a circadian or projected light-to-dark transition (zeitgeber time/circadian time [ZT/CT] 10-14) and were at their nadir in pattern of expression, peaking at the end of subjective day (Figure 2c ) (the anti-mPER3 serum was not suitable the late dark phase or subjective night. At the nadir, residual mPER-ir nuclei were apparent at the rostral pole for immunocytochemical studies). mPER3 protein carrying a V5 epitope tag expressed in HeLa cells ran at of the SCN and in a dorsal location in the caudal half of the SCN. Thus, the mPER1 and mPER2 protein cycles the same mass (data not shown). When the SCN samples were probed using the antisein the SCN were synchronous. The abundance of mPER nuclear immunoreactivity observed elsewhere (piriform rum to mTIM, a specific signal was observed at the appropriate relative mass of 125-115 kDa, which is cortex, hippocampus, neocortex) did not noticeably change with circadian phase (data not shown), although slightly below the predicted size of ‫831ف‬ kDa (Zylka et al., 1998b). In contrast to the mPERs, mTIM in the SCN rhythmic expression at other neural sites cannot be discounted by the available data. Figures 3a-3c ), but no evi-SCN study depicted in Figures 2a-2d . This revealed dence for interaction with mTIM, even though mTIM was specific bands of appropriate relative mass for mPER1, present in the samples (Figure 3d) . Similarly, immunomPER2, and mPER3, but with no change over circadian precipitation using the anti-mPER2 serum pulled down time for any of them (Figure 2e ). The expression of mTIM mPER2 along with both mPER1 and mPER3 (data not also did not change over time in the piriform cortex (data shown), but again there was no evidence of association not shown). between mPER2 and mTIM. Anti-mTIM was able to precipitate mTIM protein (Figure 3d ) but did not coprecipitate any of the mPERs (Figures 3a-3c 
mPERs and both mCRYs in SCN tissue (Figures 3a-3c).
Comparable associations between mPER and mCRY were also observed in piriform cortex (data not shown).
(data not shown). Given that studies with anti-mPER and The precipitation studies with anti-mCRY sera also anti-mTIM failed to reveal mPER/mTIM associations, the revealed associations between mCRY2 and mTIM, as data indicate that mCRY proteins form independent well as between mCRY2 and mPER1 and between complexes with both mPERs and mTIM. Moreover, colmCRY2 and mCRY1 (Figure 3e ). The same mCRY/mTIM complexes were also detected in the piriform cortex lectively, the data indicate that the interactions observed Counts for the abundance of immunoreactive nuclei for the three gene products are presented as mean Ϯ SD, n ϭ 3-6 mice per group. Twoway ANOVA revealed no significant effects of time or light pulse on mTIM levels nor any interaction. mCRY2 counts showed a significant time effect at ZT 14 but no effect of treatment. mCRY1 showed highly significant effects of time at both ZT 14 and ZT 22 and a highly significant treatment effect at ZT 14 but not ZT 22. The effect of light at ZT 14 was to increase the abundance of mCRY1-ir nuclei observed 9 hr after the pulse. nuclei could be detected. The distribution of mPER1-2). With continued illumination, mPer1 was significantly increased until ZT 22, and mPer2 was elevated for the ir nuclei within the SCN was spatially specific, being total period of exposure to light. localized to the dorsal zone of the nucleus in control Illumination of subjective night for 12 hr was associanimals sampled at ZT 23 (Figure 4c The strong resetting pulse also produced a clear, spainduction of mPER1, but had little effect on mPER2 in tially specific effect on mPER2 expression. As for the SCN. Weakly advancing pulses induced mPer1 but mPER1, mPER2-ir nuclei were restricted to the dorsal not mPer2 mRNA, and were associated with increased SCN in control animals at ZT 24 (Figure 6d ) and the abundance of mPER1-ir but not mPER2-ir. To investiretinorecipient SCN was devoid of mPER2-ir. However, gate further the relationship between entrainment and following exposure to a strong resetting light pulse, clock gene expression in the SCN, and to determine there was intense expression of mPER2-ir throughout whether light can indeed regulate mPER2 levels, mice the ventral SCN (Figure 6e) . Moreover, the abundance were subjected to much stronger resetting cues. of mPER2-ir nuclei in the dorsal parts of the nucleus also Exposure of mice to a 12 hr extension of the light appeared to increase (in contrast to mPER1-ir nuclei). phase and subsequent transfer to continuous dim red There was a further effect of the very strong resetting light caused large phase delays to their circadian activity pulse on mPER2, insofar as the immunoreactivity was rhythms (mean Ϯ SEM, 7.09 Ϯ 1.07 hr, n ϭ 4). The strong not exclusively nuclear. Clear dendritic staining was obresetting was accompanied by pronounced induction vious in many of these cells (Figures 6f and 6g) , indicating cytoplasmic as well as nuclear localization of the of both mPer1 and mPer2 mRNA in the SCN (Table Analysis of clock proteins also allows an unprecedented examination of the mechanisms responsible for resetting the core loop. Resetting the SCN clock by light is rapid, occurring within 1-2 hr after initiation of a resetting pulse (Best et al., 1999) . Resetting pulses should therefore alter acutely the level or activity of some components of the loop. The present results demonstrate that such pulses are able to affect components of the loop at both mRNA and protein levels, in proportion to the behavioral consequences of the stimulus. No acute alterations in mTIM, mCRY1, or mCRY2 were detected following brief light exposure, at the time points examined. Similarly, no alterations in mCry1, mCry2, or mPer3 mRNA were detected following light exposure (Zylka et al., 1998a; Shearman et al., 1999 , Soc. Neurosci., abstract; present study). The only detectable immediate effect was induction of mPer1 and mPer2 gene expression. Brief light pulses also had significant but surprisingly (relative to the magnitude of mRNA induction) small and delayed effects on mPER protein levels. not affect mPER2-ir. mPER2-ir was not totally refractory to light, however, because extended illumination did cause a significant increase in both mPer2 mRNA and protein. This intracellular distribution was not seen at mPER2-ir. mTIM levels in the SCN remained unaffected other circadian times.
by the strong resetting pulse. Collectively, these data identify mPer1/mPER1 as the most light-reactive elements of the circadian loop.
Discussion
With phase-delaying light pulses, it is not easy to determine whether enhanced mPER1-ir is a conseThe analysis of clock proteins has greatly increased our quence or a cause of the shift. The photic induction of understanding of an SCN clock mechanism. Our protein mPER1 protein at ZT 22, however, could not be exdata show that in the SCN, the nuclear levels of mPER2 plained as a consequence of the advance of the endogeand probably mPER3 (based on Western blot data), but nous cycle because the 0.5 hr behavioral shift would not mTIM, exhibit pronounced circadian rhythms that not drive the clock to a phase with significantly more are synchronous to those reported previously for the mPER1 expression. It is more likely that the induced mPER1 and mCRY proteins ( of the proteins overrides their clock-regulated decline, using a brain matrix, followed by freezing until use. Brains for in situ background on adjacent hypothalamus, using the NIH Image software. Differences between groups were assessed by one-and twohybridization were frozen rapidly prior to sectioning.
way ANOVA and post hoc Dunnett's t tests. Sense probes generated no specific image. Western Blots Microdissected tissue (SCN or piriform cortex) was homogenized in lysis buffer (150 mM NaCl, 20 mM HEPES, 1 mM MgCl, 1 mM
